In the first 4 hours after occlusion of the anterior septal coronary artery, 18 dogs developed bundle branch block, heart block, or both. The hearts were then excised, and preparations were dissected to expose the His bundle and the bundle branches, which were superfused with modified Tyrode's solution at 37°C. In the His bundle and the most proximal bundle branches, resting potentials were reduced and diminutive action potentials had slow upstrokes, often with notches or steps. Action potentials were generated by fibers that had resting potentials between -40 and -50 mv. Conduction was impaired; conduction velocities less than 0.01 m/sec were sometimes observed. In more severely affected cells, refractoriness outlasted repolarization. Encroachment on the prolonged refractory period resulted in further diminution of the upstroke velocity and the amplitude of the action potentials. Rapid stimulation sometimes produced repetitive diminution of action potentials and continuous rather than intermittent block. More commonly, the response to rapid rate took the form of intermittent block with progressive conduction delay in the series of conducted beats, culminating in a blocked beat (Wenckebach sequence). There was a fatigue factor that accumulated at short cycle lengths and depressed the action potential. Automaticity was not enhanced, but pacemaker function was abnormal. The threshold potential shifted erratically, and pacemaker potentials sometimes were intermittently diminished, resulting in intermittent failure to propagate. During prolonged superfusion, there was a tendency to recover with a drift of the maximum diastolic potentials toward more negative levels. None of these changes were found in ten hearts excised from dogs in which the coronary artery had not been ligated.
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disorder from the early period of conduction delay to later periods of persistent block in the His bundle or the bundle branches. The His bundle was exposed by a cut through the right septal surface with a no. 21 scalpel blade. In the early experiments, the cut was placed tangential to the uppermost portion of the right bundle branch, exposing only the distal bifurcation of the His bundle. However, in most of the experiments, the cut was angled along the lower atrial septum to expose most of the His bundle including a portion proximal to the branching of the fibers of the left bundle branch. The orientations of the cuts are represented by the broken lines in Figure 1 . The left and right ventricular septal surfaces containing the corresponding bundle branches were made into flaps by splitting them along the central plane up to the crest of the septum. These flaps were spread alongside the exposed His bundle so that the His bundle and the bundle branches lay in the same plane. The preparations were superfused at 37°C with a solution equilibrated with 95% O 2 3 -24 .0, HPCV" 1.8, and dextrose 5.5. Intracellular and extracellular potentials were recorded by conventional methods that have been previously described in detail (12) . Stimulation was accomplished with rectangular pulses 1-2 msec in duration delivered through bipolar silver wires (diameter 0.007 inches) usually placed in the most proximal portion of the His bundle but sometimes positioned on one of the bundle branches.
Ten hearts were removed from dogs that underwent the same operative procedure without ligation of the anterior septal coronary artery, and the His bundle and the bundle branches were exposed in the manner described earlier. The recordings from these preparations served as controls.
Results

CONTROL PREPARATIONS
All of the control preparations showed intact conduction from the His bundle to the bundle branches or across the His bundle from one bundle branch to the other except one preparation in which there was block between the His bundle and the right bundle branch. In this preparation, dissection caused visible damage to the right bundle. The His bundle was usually distinguishable through a dissecting microscope from the cut atrial septal muscle beside it and the muscle cf the ventricular septal crest just below it, because it had a slightly different color and was often accompanied by fatty tissue. The extent of the His bundle exposed varied from a few millimeters to a centimeter, including branching (distal) and nonbranching (proximal) portions. During the first 0.5 hours after isolation, the resting potentials of some cells increased 5-10 mv, suggesting recovery from the effects of trauma. However, the response of the His bundle to rapid drive and the conduction times changed little from the time when the first recordings were made. The mean values for the resting potentials and the amplitude and duration of the action potentials of cells in the His bundle are shown in Table 1 . The mean values were derived from recordings from cells all along the His bundle. Representative recordings are shown in Figure 2 , which illustrates the action potential (A), the ability to follow rapid drive (B), and the rate of diastolic depolarization at slow rates (C) of a cell in the His bundle of a control preparation. Cells of the His bundle were able to respond to rates of 250/min or more in all preparations. The mean rate of spontaneous activity of pacemakers within the His bundle was 40 ± 1.5 beats/min. Mean conduction velocity along the His bundle was 1.1 ± 0.2 m/sec. Values are means ± sn. RP = resting potential and AP = action potential. * Significantly different from control, P < 0.001.
No action potentials suggestive of AV nodal cells were recorded in these preparations, and AV conduction was not intact. After isolation, the preparations showed these properties for as long as 8 hours.
INFARCTEO PREPARATIONS
All preparations from the hearts in which the anterior septal coronary arteries had been ligated contained partially depolarized cells with abnormal properties. The sites of conduction disorders in vitro corresponded well with the localization of the conduction disorders in vivo as estimated from the ECG and the direct recordings from the conduction system. There were no instances of conduction disorders in vivo that were not present in vitro. Occasionally, there were more severe or more widespread conduction disorders in vitro than there were in vivo. For example, a dog that manifested only intra-His bundle block in vivo might show conduction delay in the His bundle and the proximal right bundle branch in vitro. For the most part, the most severely affected cells were localized quite proximally in the His-Purkinje system-in the His bundle itself or in the first few millimeters of the bundle branches. In the interest of simplicity, we will emphasize findings in the His bundle. The abnormalities in the proximal bundle branches were qualitatively similar but usually less severe. Mean values derived from all recordings are shown in Table 1 along with the values for the control preparations.
The partially depolarized cells generated action potentials of diminished amplitude and upstroke velocity. The duration of the action potentials was not prolonged (Table 1 ), but refractoriness often was prolonged beyond the time of completion of repolarization. Because of this "postrepolarization refractoriness," the ability of the cells to respond to high driving rates or to premature stimulation was impaired. Delineation of postrepolarization refractoriness by means of intermittent premature stimulation is illustrated in Figure 3 . The left bundle branch was stimulated. Recordings from a cell in the proximal right bundle at its juncture with the His bundle are shown in Figure 3A and B along with the transmembrane potentials of a cell in the His bundle about 1 mm proximal to the origin of the right bundle branch (Fig. 3B smaller action potential). The recordings in Figure 3A were made at a driving rate of 120/min, and those in Figure 3B were made at a rate of 43/min. In the basic driven beats, the conduction time between these cells, 1 mm apart, was about 20 msec (Fig. 3B) ; therefore, conduction velocity was on the order of 0.05 m/sec. With the premature beat at certain coupling intervals, the cell in the right bundle branch fired after an interval more than 100 msec long (Fig. 3A , middle). At these coupling intervals, conduction velocity over that short distance was less than 0.01 m/sec. In this experiment, the basic driving rate influenced refractoriness anomalously. At the more rapid driving rate (Fig. 3A) , refractoriness was longer than it was at the slower driving rate (Fig.  3B) .
Encroachment on postrepolarization refractori- relatively long cycle lengths ( Fig. 5A and B), consistent excitation of the His bundle cell and conduction to the bundle branches occurred. When the cycle length was gradually reduced (Fig. 5C ), conduction failure appeared intermittently, then persistently (end of Fig. 5C ). Note the step or "foot" initiating the upstroke of the action potential at the higher rates. When the cycle was gradually lengthened, conduction resumed. Consistent conduction was present at a cycle length of 450 msec during the speeding of the rate, but at a longer cycle length (470 msec) during the slowing of the rate there was intermittent block. This type of hysteresis was a manifestation of fatigue developing at the higher driving rate. If the driving rate was abruptly increased, fatigue manifested itself as progression with time of the severity of the conduction failure. An increase in rate did not always lead to continuous conduction failure. More commonly, there was intermittent conduction failure so that the nonconducted beats were followed by one or a series of propagated responses. The beat that failed to conduct was associated with an apparent shortening of the refractory period, allowing a greater ness sometimes produced an anomalous relationship between the membrane potential during phase 4 and the action potential response. This phenomenon is demonstrated in Figure 4 . At the lowest driving rate (Fig. 4A) , the action potentials originated from a resting potential of -42 mv. Yet the amplitude and the rising velocity of the action potential were greater than those of action potentials generated at the most rapid driving rates (Fig.  4E ) from a resting potential of -50 mv. At the rapid rate, alternation of the amplitude and the rising velocity of the action potential occurred. At more rapid driving rates, there appeared to be a cumulative change that produced deterioration of the response with prolonged drive at the same rate. This "fatigue" is illustrated by a comparison of the action potential in Figure 4B , which was recorded immediately after changing the drive cycle from 2500 msec to 1000 msec, and the action potential in Figure 4C , which was recorded 1 minute after the change.
Rate-dependent repetitive generation of diminished responses sometimes resulted in repetitive conduction failure, i.e., paroxysmal continuous block. This phenomenon is illustrated in Figure 5 , which shows recordings from a cell in the His bundle at the distal margin of an area of conduction defect. When the His bundle was driven at the two bipolar electrograms of Figure 6A . These secondary humps prolonged repolarization and delayed the termination of postrepolarization refractoriness, because succeeding action potentials generated during diastole were diminished. When conduction to the bundle branches failed (the fourth beat), there was no secondary hump. Consequently, the action potential was short, and then the next response was augmented (the fifth beat). When recordings were made from cells at the distal margin of an area of block, the progressive conduction delays were represented by a foot initiating the upstroke of the action potentials rather than by humps during repolarization. In Figure 6B , records from a cell in the distal His bundle show a brief foot preceding each rapid upstroke. With each beat lengthening of the initial foot occurred until the blocked beat. A progressive conduction delay always preceded a blocked beat. There were no examples of intermittent conduction failure in association with constant conduction times in the series of conducted beats. However, the increments of conduction delay were sometimes so slight (less than 10 msec, Fig. 6B ) that they could not be appreciated at slow recording speeds.
There were disorders of automaticity as well as conduction. Variation in the cycle length of pacemakers occurred because of instability of the threshold potential. Transmembrane potentials recorded from an irregularly firing pacemaker cell in the proximal His bundle are shown in Figure 7 . The upstroke of this cell preceded activity recorded from the distal His bundle and the bundle branches. The maximum diastolic potentials and the rates of diastolic depolarization were relatively constant from beat to beat, but the duration of the cycles varied irregularly because of apparent shifts of the threshold potential. The level of transmembrane potential that marked the transition from slow diastolic depolarization to the more rapid upstroke of the action potential was designated the threshold potential. This method of measuring the threshold is somewhat subjective and lacking in precision. Nevertheless, in Figure 7 , the changes in the form of the potential curve are sufficiently obvious to allow the inference that a shift in threshold potential occurred. The most frequent cycle length of 2.5 seconds was associated with a threshold potential of about -40 mv. However, in the last beat of Figure 7A , the threshold potential shifted upward, prolonging the cycle. In the third beat of Figure 7C , the membrane potential apparently did not reach threshold before the cell was excited by a propagated impulse. In Figure 7B , the course of diastolic depolarization was transiently interrupted. The possibility that the true pacemaker was a nearby cell and that the irregular firing was caused by variable conduction block cannot be excluded. However, if variable conduction delay were the sole explanation for the irregularity, it should be possible, by analysis of long records, to extract a basic regular integral cycle. We were unable to detect such a cycle.
There was variability in the action potentials of the same pacemaker cell firing from the same threshold potential. The His bundle cell of Figure  8 , when it was excited by a driving stimulus, generated an action potential that was able to propagate to both the right and left bundle branches (Fig. 8A) . When the driving stimulus was turned off (after the second beat of Fig. 8B) , the cell became a pacemaker. The pacemaker potential failed to conduct to the left bundle and conducted with marked delay to the right bundle. Moreover, variability in the pacemaker action potential resulted in variable conduction delay. In Figure 8 , there is an alternating pattern of larger and smaller pacemaker potentials with lesser and greater conduction delays, which can be better appreciated in the higher speed recording of the figure. The alternation involved the upstroke and the overshoot as well as the repolarization. It seems reasonable to infer that the alternating conduction times are in part dependent on the alternation in the upstroke. On the other hand, the alternating pattern of repolarization may be in part dependent on the alternating conduction delays. The action potentials conducted with the greatest delay (first, third, and fifth action potentials in Fig. 8 ) contain secondary humps during repolarization, which have a temporal relationship with the electrogram recorded from the right bundle branch.
Apart from a beat-to-beat shift in the threshold potential, there was a more gradual shift related to the maximum diastolic potential. The more negative the maximum diastolic potential, the more negative was the threshold potential. Figure 9 shows records from a cell that became more normal during superfusion. Early, when the maximum diastolic potential was only -38 mv, the threshold potential appeared to be approximately -28 mv (Fig. 9A ). After about 2 hours, the maximum B UUUUW diastolic potential was -68 mv and the threshold potential was -53 mv (Fig. 9C ). There were voltage deflections of small amplitude during diastole. The regular alternation of these deflections with pacemaker potentials suggested that the deflections represented abortive spontaneous discharges. If so, this phenomenon would represent a variant of the type of disorder shown by the cell of Figure 8 hours, no preparations recovered to a state that might be described as normal, i.e., similar to the control preparations.
Automaticity was not enhanced. Pacemakers in the ischemic preparations were generally slower than those in the normal preparations. This fact is illustrated by the pacemaker cells of Figures 7-9 , all of which are firing at rates less than 40/min.
Discussion
The data presented in this report can be analyzed in light of the salient features of the electrophysiologica'l disturbances induced in vivo by ligation of the anterior septal coronary artery (7-11). Conduction disorders can be induced in almost all animals in the interval between 0.5 hours and 2.5 hours after ligation, if the animals are subjected to the stress of rapid pacing (7) . The sites of the most severe conduction disorders are within the His bundle and the proximal bundle branches. The conduction disorder in vivo is strongly rate dependent. Intermittent or continuous conduction failure can rapidly appear with an increase in heart rate and disappear abruptly when the rate is reduced. Intermittent conduction failure is almost always characterized by progressive conduction delay in the series of conducted beats-a Wenckebach sequence (13) . The increments of conduction delay can be only a few milliseconds so that they are imperceptible at conventional recording speeds.
Most of the features of the conduction disorders
Circulation Research, Vol. 36, March 1975 occurring in vivo were reproduced in these studies in vitro. (1) The most severe lesions were within the His bundle or in the proximal bundle branches. (2) Slow conduction, intermittent conduction failure, and continuous conduction failure occurred. (3) The conduction defect was strongly rate dependent. (4) Intermittent conduction failure always took the form of a Wenckebach sequence, i.e., progressive conduction delay in the beats preceding a blocked beat. The occurrence of similar phenomena in vivo and in vitro argues for the relevance of the data obtained in this study. However, partial depolarization, abnormal action potentials, and conduction disorders are nonspecific responses which have been observed after many types of cellular insult. The exposure of the His bundle entails mechanical trauma, and we must ask whether the disturbances observed in vitro were due to mechanical trauma rather than to ischemia. In the control preparation, the mean values for the resting and action potentials are similar to those recorded in our laboratory from rabbit hearts in which the His bundle has not been subjected to direct dissection (14) . Our values are somewhat less than those obtained by others in the rabbit preparation (15) and in a canine preparation in which a different method of dissection has been employed (16) . However, the superfusing solution in those studies contained potassium in a concentration of 2.7 mmoles/liter compared with the concentration of 4.0 mmoles/liter employed in our laboratory. The mean conduction velocity within the His bundle in our experiments was within the range reported for the canine His bundle in situ (17) and dissected in vitro (16) . The cells were able to follow rapid drive at rates of 300/min or more. The spontaneous rate of firing of the His bundle was similar to that observed in vivo (18) . Of course, it is precarious to suggest, that the His bundle is "normal" after isolation and direct attack by a scalpel blade, but it seems reasonable to infer that there were conspicuous differences between the preparations subjected only to mechanical trauma and those subjected to prior ischemia in vivo. Mechanical trauma may have accentuated or added to the effects of ischemia, since sometimes conduction disorders were more severe in vitro than in vivo.
The more severely depolarized cells generated action potentials from levels of resting potential at which the rapid sodium channel is normally completely inactivated (19) . These action potentials manifested slow upstrokes and "very slow conduction" (conduction velocity less than 0.01 m/sec). Such slow responses have been observed in various circumstances having in common the inactivation of the rapid sodium channel: depolarization by high extracellular potassium (20) (21) (22) , exposure to tetrodotoxin (23) , and exposure to sodium-free, calcium-rich solution (24, 25) . It has been suggested that these slow responses depend on a slow channel for inward current, which may be carried by calcium ions. Voltage clamp experiments on Purkinje fibers have demonstrated inward calcium currents with a slow time course (26) (27) (28) . This current is activated at more positive membrane potentials than is the rapid sodium current and has a more positive equilibrium potential. Action potentials dependent on this channel should have more positive threshold potentials and overshoots than those dependent on the rapid sodium channel. In light of these observations, it may be pertinent that the more severely affected ischemic cells in our experiments had threshold potentials in the range of -30 to -40 mv and positive overshoots in spite of having resting potentials in the range of -40 to -60 mv.
The prolongation of the refractory period of these cells was not caused by prolongation of the action potential as we had previously speculated by extrapolation from observations of ischemic peripheral Purkinje fibers (12) . In our preparations, rate-dependent block was most commonly due to postrepolarization refractoriness. Postrepolarization refractoriness has been observed for many years in abnormally depolarized cells (29) as well as in normal AV nodal cells (30) . It has been suggested that the normal response of AV nodal cells is a slow response without an initial sodium component (31) . Postrepolarization refractoriness may be characteristic of the slow channel.
The characteristic pattern of rate-dependent intermittent block was a series of beats with increasing conduction delay culminating in a blocked beat-a Wenckebach sequence. Mobitz II sequence (32) was never observed in vitro when the recording speed was high. The rarity of Mobitz II block in vitro has been pointed out by others (33). Since the increments may be only a few milliseconds, it is pertinent to question whether the Mobitz II sequence is really a Wenckebach sequence in which the progression of delays is too small to be detected.
Rate-dependent continuous conduction block as opposed to intermittent block occurred when the shortened refractory period of the initial blocked beat did not produce sufficient augmentation of the next response to permit propagation. Although continuous block was less common than intermittent block, it has more clinical significance. A cumulative rate-dependent depressive effect on conduction (fatigue) probably was an important factor in the phenomenon of rate-dependent continuous block. Probably related was the observation that the duration of postrepolarization refractoriness sometimes had an anomalous relationship to heart rate, becoming prolonged rather than shortened at higher heart rates.
The disorders of automaticity that we observed have not to our knowledge been described. The observations concerning pacemaker cells are subject to the criticism that it is difficult to be certain that a cell is, in fact, a pacemaker. The form of the transmembrane potential curve is not an infallible index of pacemaker function. Our designation of cells as pacemakers was based not only on the form of the transmembrane potential curve but also on the condition that sites of earlier activity could not be found. Nevertheless, the possibility that some nearby cell was the actual pacemaker could not be excluded. With this reservation, we suggest that ischemic pacemaker cells may manifest erratic shifts of the threshold potential and variability of the pacemaker action potential. Previously, we have reported that ischemic peripheral Purkinje pacemakers show variability in the rate of diastolic depolarization (12) . These various types of pacemaker malfunction, yet unexplained, may be responsible for the frequent irregularity of ventricular ectopic foci after coronary artery occlusion in the dog and in man (34, 35).
The electrophysiological characteristics of peripheral Purkinje fibers excised at various times after ligation of the anterior descending coronary artery have been reported (12, 36) . The affected peripheral fibers are partially depolarized in the first few days after occlusion like the cells in the His bundle and the proximal bundle branches described in this report. However, apart from the common response to insult, there is little similarity in the effects of coronary artery occlusion on peripheral and proximal cells. Peripheral fibers excised within 0.5 hours after occlusion show moderate depolarization, shortened action potentials, no disorders of automaticity except for suppression, little impairment of conduction, and no impairment of response to rapid drive, i.e., no prolongation of refractoriness. They tend to recover toward normal during superfusion. Their electrophysiological features resemble those of cells exposed to a modest elevation of extracellular potassium concentration. In contrast, 1 day after coronary artery occlusion, periph- eral Purkinje fibers show depolarization, marked prolongation of action potentials, enhanced automaticity with variability of diastolic depolarization, impairment of conduction, and impairment of ability to respond to rapid rates. Postrepolarization refractoriness is not a significant feature. Striking recovery occurrs during superfusion even with hypoxic solutions lacking glucose. It has been postulated that substances released from necrotic myocardial cells might be important in producing the electrophysiological alterations. In further contrast, cells in the proximal His-Purkinje system in the first few hours after coronary artery occlusion show severe depolarization, no change in action potential duration, depressed and abnormal automaticity, marked impairment of conduction, and inability to follow rapid drive because of postrepolarization refractoriness. Recovery toward normal during superfusion is not striking or consistent. The His bundle, which is not superficial in the dog, may be affected directly by ischemia as well as indirectly by substances released by myocardial cells.
